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Abstract
Most of the young stars in the Orion Trapezium Cluster are much more peculiar in
X-rays than expected, considering their structure, environment, and age. Highly re-
solved X-ray spectra provide many more details in order to study these peculiarities,
specifically with respect to abundances and accretion signatures. We analyzed the
high resolution X-ray spectra of six young stars in Orion using data from the Chandra
X-Ray Observatory. We fit plasma models to the spectra, calculated temperature-
insensitive elemental abundances from individual spectral line fits, determined com-
mon elemental abundances to refit the data, and computed confidence maps for pairs
of model parameters. These results may provide insights into the physical properties
and processes that cause certain stars to exhibit high temperatures in X-rays. This
may lead to a better understanding of stellar structure and evolution in young stars.
Thesis Supervisor: Dr. Norbert Schulz
Title: Research Scientist
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Chapter 1
Introduction
Most of the young stars in the Orion Trapezium Cluster are very peculiar in X-rays
with respect to their structure, environment, and age. Highly resolved X-ray spectra
provide many more details in order to study these peculiarities, specifically with
respect to abundances and accretion signatures.
The Orion Nebula Cluster (ONC) is the closest and youngest active star-forming
region. Located 414 pc away, the median stellar age is 0.3 Myr, and 80% of the stars
are less than 1 Myr old [12]. At the center of the cluster, there are 2 x 104 stars per
cubic parsec [1-2].
Studying an object with such a high stellar density requires instruments with
sufficient resolution. Chandra holds the highest resolution at 0.5 arcseconds, which
is orders of magnitudes better than all existing and currently planned X-ray obser-
vatories. However, Chandra would not be able to resolve such a stellar density at
distances greater than about 1.3 kpc [12]. So although other stellar clusters may not
be as dense, the ONCs proximity to Earth makes it an advantageous target for study.
In this chapter, most of the inputs are from [12].
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1.1 Background
1.1.1 Pre-Main Sequence Stars
Pre-main sequence (PMS) stars are stars contracting gravitationally towards the main
sequence stage. The PMS stage ends with the zero-age main sequence (ZAMS), which
marks the start of sustained nuclear fusion at the centers of stars.
Most young stars form in large clusters. Identifying young stars requires reference
to surveys at optical, infrared, sub-millimeter, and radio wavelengths. These long-
wavelength surveys identify stars as young when the stars appear embedded in or
are associated with molecular gas. Their luminosity and surface temperature place
them in regions of the Hertzsprung-Russell diagram called Hayashi tracks and Henyey
tracks, which indicate ages of less than a few million years.
1.1.2 X-Ray Emission Mechanisms
X-rays have wavelengths roughly between 1 A and 150 A, with X-ray spectral lines
corresponding to inner shell transitions, i.e. K and M shell transitions.
Emission at short wavelengths requires very high temperatures, or very high mag-
netic fields, or high-velocity electrons. Protostellar systems have magnetic fields of
less than a few kG, and their gravitational potentials are much too small to free
enough energy. To explain X-ray emission with high temperatures requires tempera-
tures greater than approximately 106 K. Main sequence stars reach such temperatures
outside of their interiors with strong winds and coronae. Low-mass stars have convec-
tion zones, so stellar coronae produce much of the emission at high energies. Young
stars are very different. Here accretion and outflows contribute to X-ray signatures,
in addition to highly complex coronal structures.
Hot plasmas can create X-rays through many mechanisms, but most X-rays arise
from free-free emission from bremsstrahlung and free-bound emission from collisional
ionization. In general, collisional ionization dominates discrete line emission below
105 K, while thermal bremsstrahlung dominates above that temperature.
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1.1.3 X-Ray Absorption
Soft X-rays experience absorption through bound-free electronic transitions in various
elements, especially H and He, with C, 0, N, and Ne significant as well. The equivalent
column density Nh of hydrogen atoms along the line of sight quantifies the integrated
effect of absorption on a spectrum [1].
The interstellar medium absorbs light at all wavelengths, which hinders the study
of star formation. However, both low-mass and high-mass stars emit a significant
fraction of their X-rays above 3 keV, and these X-rays can pierce through optical
column densities of log Nh ~ 23-24 cm-2 [4].
1.1.4 X-Ray Properties of PMS Stars
X-ray observations of young stars and star-forming regions provide information on
high-energy processes in young stellar objects (YSOs). These processes are important
for understanding star and planet formation. For example, the X-ray emission from
YSOs ionizes circumstellar material and thus impacts accretion processes and the
formation of protoplanets [1].
For low-mass PMS stars, X-ray luminosity (Lw) scales with bolometric (total)
luminosity (Lbol). In particular, log LX/Lbol ~ -3.7 [12]. Unlike with main sequence
(MS) stars, the X-ray luminosity of PMS stars does not seem to depend much on
rotational period. Additionally, PMS stars have high X-ray luminosities even though
they rotate slowly. This suggests that if PMS stars have an internal dynamo, then
the mechanism is probably different from that of MS stars. PMS stars with masses
between 0.1 and 2 times the solar mass emit up to 105 times more X-rays than typical
main sequence stars [7]. As the PMS stars evolve towards the main sequence, their
X-ray luminosities appear to decrease significantly.
Spectral fits for young stars observed by EINSTEIN and ROSA T showed two tem-
perature components in X-rays: a soft component at 2-5 MK and a hard component
at 15-30 MK. Compared to the Sun, PMS stars exhibit high temperatures in their
persistent emission and much higher temperatures in their flares. This agrees with
15
current models of stars with active coronae.
For comparison, Fig. 1-1 shows a Chandra X-ray line spectrum from the active
coronal star II Pegasi. The DEM during the non-flaring state peaked at log T =
7.2. Notable coronal abundancies included large deficiences in iron and substantial
amounts of neon compared to the Sun [6].
0.0 0 -7
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Figure 1-1: HETGS combined spectrum of the active coronal star II Pegasi (from
[6]).
1.1.5 X-Ray Modeling and Coronal Diagnostics
Spectral lines provide information on temperature distributions, plasma densities, and
elemental abundences. Resolved spectral lines indicate the dynamics of the emitting
plasma. The absorption of X-rays reveals the extent to which circumstellar material
surrounds the star. Thus, we can learn much from modeling the plasma that produces
the spectra.
Stellar coronae contain optically thin collisionally ionized hot plasma. The Astro-
physical Plasma Emission Code (APEC) and its database APED provide a current
and relatively complete model. APED contains over a million spectral lines calculated
from plasmas with a wide range of temperatures and densities.
16
We can estimate elemental abundances through Differential Emission Measure
(DEM) analysis. The emission measure at a given temperature is the volume integral
of the product of electron densities (ne) and hydrogen densities (nh). The DEM is
the derivative of the emission measure with respect to temperature [7]:
DEM = n'(T)dV(T, ne)/dT. (1.1)
That is, the DEM is a measure of the plasma volume weighted by density [7]. The
X-ray line flux is then proportional to the product of the total line emissivity and
the ion balance. For a spectral feature with flux F and emissivity G (in photons cm3
s-1 ) arising from an elemental abundance A relative to solar photospheric values and
observed at a distance d [i],
A fA f
F= G(Te, ne)nenHdV = A G(T)DEM(T)dT. (1.2)4wd 2  4xd2
The emissivity or line contribution function G encodes the underlying atomic physics.
For a spectral line due to an atomic transition from an upper level j to a lower level
i in the ion XZ+ [g]
G(T) - A nj(Xz+) n(Xz+) n(X) n(H) 1 (1.3)
n(Xz+) n(X) n(H)o ne ne
Here Aj2 is the Einstein coefficient for spontaneous emission, ny(Xz+)/n(Xz+) is
the level population of the upper level, n(Xz+)/n(X) is the ionization balance,
n(X)/n(H)® is the abundance in the solar photosphere, and n(H)/ne is the ratio
of protons to electrons [9].
Since the emission measure is proportional to the product of the square of the
density and the emission volume, plasma densities are important for inferring the size
of X-ray emitting regions. We can determine the density of a hot emitting plasma by
calculating spectral line ratios. This technique assumes the coronal approximation,
which means that the plasma is optically thin and is in ionization equilibrium.
An optically thick plasma allows resonance line photons to be absorbed and emit-
17
ted in different directions, thus dampening the line flux from the optically thin case.
This phenomenon is called resonance scattering. The spectra of a large sample of
stellar coronae showed no significant evidence of such an effect [12].
Ionization equilibrium means that most ionization occurs due to collisions and
starts from the ground state. This is balanced by radiative decay and recombination.
Photo-excitation can occur, but is insignificant.
The most common method for determining plasma densities is through the use of
emission from He-like ions, which are atoms with only the two innermost electrons.
The spectral lines from these ions form a closely spaced triplet, consisting of the
recombination line, the intercombination line, and the forbidden line. The forbidden
line arises from transitions that do not possess a dipole moment and thus violate
quantum selection rules. Since it involves relatively long-lived states called metastable
states, increases in plasma density lead to increases in collisions that depopulate such
states, thus decreasing the flux of the forbidden line. Meanwhile, this increases the
population of the intercombination line doublet. The application of this method also
depends on the presence of an ultraviolet photo-excitation field, which can depopulate
these states.
1.1.6 Temperature-Insensitive Line Ratios
We can calculate temperature-insensitive line ratios through linear combinations of
spectral line fluxes. Given the fluxes F of the Hydrogen-like Lyman-a line (HLa)
and the Helium-like Lyman-a resonance line (HeLar) for each element, the ratio of
absolute abundances A 1 /A 2 is [9]
A1  _F1,HeLar ± C1F1,HLa
A 2  C2F2,HeLar + C3F2,HLa
where C1, C2 , and C3 are the coefficients listed in Table 1.1.
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Table 1.1: Coefficients for Temperature-Insensitive Elemental Abundance Ratios
(from [9]).
A1  A 2  C1 C2 03
Mg Ne 0.18 -0.08 0.87
Si Mg 0.32 0.05 0.86
S Si 0.42 0.15 0.85
Ne 0 0.02 -0.17 0.69
1.2 Orion Nebula Cluster in X-Rays
One very important study of the Orion Nebula Cluster is the Chandra Orion Ultradeep
Project (COUP), a nearly continuous 838 ks observation made in 2003 (Fig. 1-2) [5].
COUP detected 1616 sources and associated 1408 with the Orion Nebula star-forming
region, but it appeared quite insensitive to stars with very low mass (M < 0.2 Mo),
brown dwarfs, and deeply obscured stars [4].
Early Chandra observations found that the hard X-ray emission from the ONC
comes predominantly from the massive Trapezium stars, mainly 01 Ori C and E, and
bright PMS stars [1:3]. In detail, Feigelson et al. [4] found that hard X-ray emission
in the 2-8 keV band came roughly equally from three components: several OB stars
dominated by 01 Ori C, 822 lightly obscured cool stars, and 559 heavily obscured
stars. The integrated absorption-corrected luminosity L, of each component was log
Lh,c ~ 32.7 ergs s-' in the hard band and log Ltc ~ 33.2 ergs s-' in the total 0.5-8
keV band [4].
Analyzing the sources of hard X-rays by mass, one-third of the emission came from
the bright 06 star 01 Ori C (M > 30 Mo), and half came from PMS stars with low
masses 0.3 MD < M < 3 Mo. More specifically, 01 Ori C produced 54% of the soft
X-rays, 34% of the hard X-rays, and 47% of the total absorption-corrected X-rays.
Ignoring 01 Ori C, stars with masses 1-3 MD produced 41% each of the soft, hard,
and absorption-corrected X-rays, and those with masses 0.3-1.0 MD produced 19%,
32%, and 26%, respectively. Very low mass stars and brown dwarfs produced less
than 7% of the X-ray emission in all bands. Additionally, X-ray luminosities tended
19
Figure 1-2: X-ray image of the ONC from COUP. Here red = 0.2-1.0 keV, green =
1.0-2.0 keV, and blue = 2.0-8.0 keV [5].
to increase with mass [4].
After creating a composite spectrum of 820 lightly obscured cool stars, Feigelson et
al. fit a two-temperature plasma model with kT 1 = 0.5 keV, kT 2 = 3.3 keV, and Nh =
3 x 1021 cm-2. Given the complexity of plasma from hundreds of magnetically active
stars, they did not find statistically valid abundance fits. However, the spectrum
exhibited particularly strong Ne IX and Ne X lines around 1 keV [4].
As for young stars specifically, Wolk et al. found that solar-mass K5-7 PMS stars
in the COUP survey exhibited kT2 ~ 2.1 x kT 1 in their characteristic states. In
particular, they fit a two-temperature plasma model with components at about 850
eV and 2.35 keV. During this non-flaring state, the X-ray luminosity from 0.5 keV to
8 keV was about 0.03% of the bolometric luminosity [1].
20
Chapter 2
Chandra X-Ray Observatory
+x Sus door
HRMA viewing
di rect ion Aetai
inlu= V I-o;IS)
Figure 2-1: Schematic of the Chandra X-Ray Observatory (from [1]).
We analyzed data from the archives of the Chandra X-Ray Observatory. Chandra
is a high resolution (< 1/2 arcsec) space telescope (Fig. 2-1) with a suite of imaging
and spectroscopic instruments. Four concentric grazing incidence X-ray telescopes
make up the High Resolution Mirror Assembly (HRMA), which focuses X-rays onto
a detector in the Science Instrument Module (SIM). In particular, we used spectra
from the High Resolution Transmission Grating Spectrometer (HETGS), which has
a resolving power (E/AE) of up to 1000 between 0.4 keV and 10.0 keV.
The High Energy Transmission Grating (HETG) contains two types of transmis-
sion gratings: the High Energy Grating (HEG) and the Medium Energy Grating
21
Table 2.1: High Energy Transmission Grating Parameters [1]
Parameter HEG MEG
Range 0.8-10.0 keV, 15-1.2 A 0.4-5.0 keV, 31-2.5 A
1070-65 970-80
Resolving Power (E/AE) (1000 at 1 keV, 12.4 A) (660 at 0.826 keV, 15 A)
Resolution (AA) 0.012 A (FWHM) 0.023 A (FWHM)
Angle on ACIS-S -5.2350 ± 0.010 4.7250 ± 0.010
Spatial Period 2000.81 A 4001.95 A
(MEG). See Table 2.1 for a comparison of their characteristics.
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HETG ELEMENT N
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-/HETG/ce/hetsysterv3d9 GRATING FACET
Figure 2-2: Schematic of the High Energy Transmission Grating Spectrometer
(HETGS) (from [1]).
Refer to Fig. 2-2. The transmission gratings diffract X-rays of wavelength A from
the HRMA by an angle ,3 as per the grating equation,
sin = mA
p
(2.1)
where m is the integer order number, and p is the spatial period of the grating lines
(in Table 2.1).
The Advanced CCD Imaging Spectrometer (ACIS) resides in the focal plane of
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the HETGS and records the spectral images. The intrinsic energy resolution of ACIS
allows us to distinguish overlapping orders and sources. ACIS has two arrays: one for
imaging (ACIS-I), and one predominantly for spectroscopy (ACIS-S). In this analysis,
we used ACIS-S exclusively. The ACIS-S consists of six 1024 x 1024 pixel CCDs
arranged in a sequence, with an array size of 8.3 arcmin x 50.6 arcmin [1].
The HEG and MEG dispersions tilt by -5.235' and +4.725', respectively, so that
both can fall on the same array simultaneously. Figure 2-3 shows a typical grating
exposure in the focal plane.
Figure 2-3: Example of HETGS exposure (from [1]).
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Chapter 3
Observations
We used Chandra HETGS exposures aimed within 2 arcminutes of the center of the
Orion Trapezium Cluster. The seventeen observations (Tab. 3.1) completed so far
add upto 569 ks of integration time. Spectra from six low-mass PMS stars (Tab. 3.2)
contained sufficient photon counts for analysis, meaning that we could distinguish
spectral lines at a statistically significant level. Each spectrum held only a fraction of
the total exposure, since we found some of the spectral arms unsuitable (see Sec. 4.1).
Table 3.1 describes the 17 observations. The sequence number and ObsID are
redundant identification numbers. The start date and time are in Universal Time
(UT), which is based on the rotation of the Earth. The exposure is the total time
spent integrating photon counts. The count rate is the total number of detected
photons divided by the exposure time.
Table 3.2 lists characteristics of the stars that we studied. The COUP number is
the identification number assigned by the COUP project to each star detected in its
survey. The spectral type refers to the standard stellar classification system based
on stellar surface temperature. From the SIMBAD astronomical database [3 ], we
extracted the FK5 sky coordinates of each object in terms of right ascension (RA)
and declination (Dec). AO is the angular distance in the projected sky of each star
from the center of the Orion Trapezium. The column density of neutral Hydrogen
(Nh) integrates the amount of neutral Hydrogen per unit area along the line of sight to
the star, and it corresponds to the amount of X-ray absorption. Lastly, kT represents
25
the temperature T of the two-component plasma model fit. We obtained the values
of Nh, kT1 , and kT 2 from the COUP study [,5].
26
Table 3.1: Observation Log
Count Rate (10-2 counts/s)
Sequence Number ObsID Start Date (UT) Start Time Exposure (ks) HEG -1 HEG +1 MEG -1 MEG +1 Total
200001 3 1999 Oct 31 05:46:18 49.482 0.750 0.853 2.47 1.77 5.84
200002 4 1999 Nov 24 05:36:51 30.914 4.07 4.24 6.22 6.71 21.24
200175 2567 2001 Dec 28 12:24:53 46.357 0.945 0.729 1.69 1.76 5.12
200176 2568 2002 Feb 19 20:28:38 46.334 0.693 0.710 1.19 1.18 3.78
200242 4473 2004 Nov 3 01:47:00 49.119 8.46 4.51 1.79 2.14 16.90
200243 4474 2004 Nov 23 07:47:35 50.602 1.79 0.231 1.48 1.97 5.47
200420 7407 2006 Dec 3 19:06:43 24.633 1.31 1.10 2.23 2.37 7.01
200423 7410 2006 Dec 6 12:10:32 13.067 2.56 2.12 3.95 4.22 12.85
200421 7408 2006 Dec 19 14:16:25 24.862 1.27 1.25 2.61 3.17 8.30
200422 7409 2006 Dec 23 00:46:36 27.086 1.48 1.25 3.09 3.45 9.26
200424 7411 2007 Jul 27 20:40:17 24.631 0.743 0.564 1.32 1.49 4.12
200425 7412 2007 Jul 28 06:15:04 24.834 0.624 0.503 1.39 1.50 4:02
200462 8568 2007 Aug 6 06:53:03 35.860 1.14 1.13 2.23 2.25 6.74
200462 8589 2007 Aug 8 21:29:30 50.402 1.35 1.21 2.38 2.52 7.45
200478 8897 2007 Nov 15 10:02:11 23.644 1.54 1.29 19.9 14.0 36.67
200477 8896 2007 Nov 30 21:57:29 22.657 1.02 0.909 4.06 3.80 9.79
200476 8895 2007 Dec 7 03:13:02 24.851 1.43 1.36 1.53 1.77 6.10
Table 3.2: Low-Mass PMS Stars
Name COUP Number Spectral Type RA Dec AO (arcsec) log Nh (cm- 2) kT1 (keV) kT 2 (keV)
Ori Trapezium - - 05 35 16.5 -05 23 14 0 - - -
MT Ori 932 M2.5 05 35 17.94 -05 22 45.5 28.5 21.17 0.76 1.63
LQ Ori 394 K5 05 35 10.73 -05 23 44.6 30.6 20.00 0.68 1.71
Par 1842 689 G7 05 35 15.23 -05 22 55.7 18.3 20.85 0.64 1.64
V1399 Ori 1130 K2 05 35 21.04 -05 23 49.0 35.0 21.28 0.71 1.51
V1229 Ori 965 M0 05 35 18.35 -05 22 37.4 36.6 21.25 .0.64 1.63
V348 Ori 724 KG 05 35 15.62 -05 22 56.4 17.6 20.46 0.80 1.45
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Chapter 4
Data Analysis
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ACIS-S CCD image for MT Ori from ObsID 3.
The data products for each Chandra observation are in a file format called FITS
(Flexible Image Transport System). Raw data goes through standard CIAO (Chan-
dra Interactive Analysis of Observations) pipeline processing to produce many of
these products. The most important one is the event file, which contains a record of
every detection. For each event, this file includes the time in Terrestrial Time (TT),
the position in both detector and sky coordinates, and the pulse height. Detector
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coordinates transform into sky coordinates (RA, Dec) by accounting for the changing
pointing direction of the telescope. The pulse height amplitude (PHA) is the inte-
grated charge per pixel from an event, and it corresponds to energy with the use of a
gain table for the CCDs. For grating observations, the event file also contains the dis-
persion distance mA and the derived order m of each detected photon, as calculated
through the pipeline processing.
We need two types of instrumental FITS files for data analysis: Auxiliary Response
Files (ARFs) and Redistribution Matrix Files (RMFs). These two files take into
account the effective area of the telescope and the energy scale of the detector. The
effective area is smaller than the geometric area because of the effects of reflectivity,
off-axis vignetting, detector quantum efficiency, and diffraction grating efficiency. The
quantum efficiency is the fraction of incident photons registered by the detector, and
it varies with energy for ACIS. The ARF multiplies the effective area of the detector
system by the quantum efficiency, and so it is a function of energy and has units
of cm 2 counts/photon. Multiplying an input spectrum by the ARF results in the
distribution of counts that a detector with infinite energy resolution would see [I 1].
To produce the final observed spectrum, we also need the RMF. The limited
resolution of the detector causes a spreading of the observed counts, so we need the
RMF to account for the line spread function. The RMF contains a 2D matrix that
maps the physical properties of incoming photons to their detected properties, such
as the mapping between photon energy and detector pulse heights. It lists probability
versus output channel for a given input energy [11].
We analyzed the data using special software: CIAO 4.4 and ISIS 1.6.2-3 (Interac-
tive Spectral Interpretation System). CIAO processes data from Chandra, while ISIS
is a programmable and interactive tool for studying high resolution X-ray spectra.
Additionally, ISIS accesses the Astrophysical Plasma Emissivity Database (APED)
version 2.0.1. We used CIAO to create the ARFs and RMFs, and we wrote scripts in
S-Lang for ISIS to analyze the spectra.
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4.1 Cleaning the Data
We used the event list to plot the energy determined by ACIS against the dispersion
distance mA. As per Eq. 2.1, each diffraction order appeared as a separate hyperbola
(Fig. 4-2a). Some of the spectral arms overlapped in this space with other spectral
arms present in the CCD image, so we excluded them from the analysis. As seen in
Fig. 4-2b, for example, we needed to reject the data from both MEG arms.
v
-~ -10 0 10 20
21 V INV~
(a) Example from [1] (b) MT Ori, ObsID 8897, MEG
Figure 4-2: Plots of ACIS energy as a function of mA.
Furthermore, since our sources are in a dense stellar cluster, many stars crowded
the field of view (Fig 4-1). The zeroth order images of some of these stars overlapped
with the first order dispersions of our six stars. Consequently, we needed to remove
the stellar coincidences that contaminated our grating spectra. For each of the 17
observations for each of the six stars, we compared the four 1st-order HEG and MEG
spectra. If a small region of only one spectrum exhibited unusually high counts and
did not overlap with the position of a spectral line recorded in the APED database,
then we assumed that it was a stellar coincidence and removed that section from
further analysis. Compare Fig. 4-3a with Fig. 4-3b for the difference this made in the
combined spectrum of MT Ori.
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Figure 4-3: Part of the combined spectrum of MT Ori (a) before and (b) after re-
moving stellar coincidences.
4.2 Plasma Model Fits
We hoped to extract several quantities of interest from the spectra, including the
equivalent temperature kT of the X-ray emitting plasma, as well as the column density
Nh as a measure of absorption.
To determine the physical properties of the plasma producing these spectra, we fit
the combined spectrum of each star to APED plasma models with a warm absorber.
We started with a one-temperature component model and increased the number of
temperature components as necessary to make the fits sufficiently valid. At every
step, we kept the temperatures and the norms for each temperature free. To expedite
the fitting process, we froze the abundances of C, N, Al, Ca, and Ni at 0.3 relative to
the solar photosphere, as previous studies of Orion and other molecular clouds have
fit spectra with that value for metal abundances [5]. Furthermore, the spectral lines
associated with those elements appeared relatively insignificant. We were particularly
interested in the abundances of 0, Ne, Mg, Si, S, Ar, and Fe, so we kept those
parameters free.
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4.3 Temperature-Insensitive Abundance Ratios
Although we could use the plasma model fits to determine the abundances of various
elements, the large number of free parameters in the fits meant that we needed to
check and refine the results for each free parameter.
To check elemental abundances, we fit each spectral line individually with a Gaus-
sian. If the spectral line could have resulted from a blend of lines, we added more
Gaussians as necessary. To account for the continuum, we first fit the continuum in
line-free regions. We started with a plasma model with one temperature component
and a warm absorber with Nh = 0.15 x 1022 cm-2, and then increased the number
of temperature components as necessary. For this particular analysis, we settled on
using only one temperature component for MT Ori and two temperature components
for the rest of the stars.
Using the fluxes from the line fits, we calculated temperature-insensitive elemen-
tal abundances. Since the Oxygen lines exhibited high absorption and thus insuffi-
cient photon counts, we used the coefficients from [8] instead. These new coefficients
zero out the contribution from the measured flux of Oxygen Helium-like Lyman-a
resonance lines. For S/Ar, we used the coefficients determined by David P. Huen-
emoerder'. Given the fluxes F of the Hydrogen-like Lyman-a line (HLa) and the
Helium-like Lyman-a resonance line (HeLar) for each element, the ratio of abun-
dances A1/A 2 relative to that of the solar photosphere is [S] (see Eq. 1.4)
A, 1 F1,HLa 
- a1F1,HeLar
A2  ao F2,HLa + a2F2,HeLar
where ao, ai, and a2 are the coefficients listed in Table 4.1.
4.4 Common Elemental Abundances
The six stars are all in the same cluster, so they should have formed from the same
nebular material and thus should have similar elemental abundances. To test this
'MIT Center for Space Research, 70 Vassar Street, Cambridge, MA 02139; dphQspace.mit.edu
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Table 4.1: Coefficients for Temperature-Insensitive Elemental Abundance Ratios
A 1  A 2  ao ai a 2
Ne Mg 1.440±0.273 0.050 2.675
Mg Si 0.536±0.064 0.085 1.920
Si S 1.197±0.092 0.125 1.545
S 0 0.212±0.137 2.99 0.00
Ne 0 0.347±0.120 2.59 0.00
S Ar 2.27+0.28 0.20 1.90
assumption, we tried fitting plasma models with each of the previously free elemental
abundances frozen at the mean of their best fit values. To minimize the effects of in-
dividual stellar variations, we calculated the means after excluding the maximum and
minimum abundances. However, we included the maximum or minimum abundance
if it came from MT Ori, since MT Ori is the brightest star.
4.4.1 Confidence Maps
Lastly, we took the resulting best fit plasma models and kept pairs of parameters free
to compute their 2D confidence maps. This allowed us to see the constraints on each
parameter and to find correlations between parameters.
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Results
Our spectral data came from counting incoming X-ray photons. Since this is a Poisson
process, we decided to use the cash statistic to evaluate models of our data. Similar
to the chi-squared statistic, the cash statistic is based on the Poisson distribution [2].
5.1 Plasma Model Fits
We began our plasma model fits with one temperature component. As seen in Fig. 5-
la for MT Ori, the best fit consistently overpredicted the flux from about 6-10 A for
each star. Adding a second temperature component (Fig. 5-1b) improved the fit
in this region, but still left large line residuals. We ended up settling on three-
temperature component plasma models to fit the combined spectrum of each star,
since that produced both an accurate continuum and small line residuals (Fig. 5-2).
Table 5.1 lists the resulting best fit parameters. Note that we needed to set the
minimum bound on Nh at 0.15 x 1022 cm- 2 as per lower limits on the COUP results.
Otherwise, the fits would keep approaching zero for Nh, which is unrealistic especially
when the stars are in a nebula.
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(a) One temperature component. Cash = 1.44. (b) Two temperature components. Cash = 1.20.
Figure 5-1: Best fits for MT Ori with (a) one and (b) two temperature components.
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Figure 5-2: Best fit for MT Ori with three temperature components. Cash 1.13.
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Table 5.1: Best Fit Results - Three Temperature Components
Temperature (106 K) Norms (10-3) Elemental Abundances Relative to Solar Nh
Star T1  T 2  T 3  Ni N 2  N3  0 Ne Mg Si S Ar Fe (102 2 cm- 2 ) Cash
MT Ori 15.3 42.5 5.91 0.903 2.43 0.162 0.287 0.893 0.126 0.148 0.239 0.590 0.0708 0.15 1.13
LQ Ori 5.01 53.5 11.2 0.433 1.06 1.38 0.150 0.402 0.0353 0.0819 0.198 0.571 0.0384 0.15 1.51
Par 1842 11.1 36.5 1.78 0.452 0.950 0.355 0.189 0.716 0.0928 0.179 0.271 0.466 0.0635 0.15 1.14
V1399 Ori 15.8 43.2 11.0 0.419 1.02 0.375 0.226 0.810 0.170 0.170 0.191 0.467 0.0869 0.15 1.51
V1299 Ori 10.0 40.3 20.0 0.504 0.952 0.454 0.0389 0.692 0.0706 0.156 0.443 0.278 0.0573 0.15 1.24
V348 Ori 4.74 74.7 15.1 0.253 0.872 1.13 0.124 0.477 0.0498 0.137 0.178 0.793 0.0371 0.15 1.15
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5.2 Temperature-Insensitive Abundance Ratios
Table 5.2 shows the temperature-insensitive abundance ratios that we calculated as
described in Sec. 4.3. The uncertainties can be quite large, especially for S/O. Much
of the uncertainty came from the individual line fits, where low photon counts and
high background noise for some of the lines created large error bars for the fluxes.
This was especially the case for the spuriously high Ne/O abundance ratio for Par
1842.
Table 5.2: Temperature-Insensitive Abundance Ratios. The second number in each
entry is the uncertainty.
Star Ne/Mg Mg/Si Si/S S/O Ne/O S/Ar
MT Ori 6.01 0.709 0.672 1.27 6.68 0.160
2.04 0.176 0.245 1.00 3.26 0.095
LQ Ori 6.62 0.699 1.06 0.295 2.51 0.184
2.51 0.215 0.56 0.255 1.39 0.151
Par 1842 4.47 0.476 0.508 4.69 13.8 0.172
2.16 0.205 0.201 5.46 13.7 0.114
V1399 Ori 2.00 0.584 1.47 0.778 3.57 0.234
0.64 0.152 0.79 0.726 1.91 0.194
V1229 Ori 3.07 0.605 0.407 3.28 6.66 1.15
1.04 0.173 0.121 2.83 4.83 0.76
V348 Ori 2.76 0.493 1.15 0.490 3.27 0.438
1.13 0.204 0.70 0.455 1.61 0.541
5.3 Common Elemental Abundances
If we compare the best fit results in Table 5.1 by star, we see similarities in the ele-
mental abundances. Table 5.3 lists the corresponding mean values that we calculated
as described in Sec. 4.4. With the 0, Ne, Mg, Si, S, Ar, and Fe abundances fixed at
these values, the plasma models still fit the spectra. As seen in Figure 5-3, the model
spectral lines still remained within the error bars. Additionally, Table 5.4 shows that
the cash statistics remained almost the same.
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Table 5.3: Mean Elemental Abundances Relative to the Sun
Element Abundance
0 0.195
Ne 0.718
Mg 0.0848
Si 0.153
S 0.225
Ar 0.524
Fe 0.0575
Table 5.4: Cash statistics for plasma model fits with three temperature components.
The elemental abundances are either free or fixed.
Star Free Fixed at Mean
MT Ori 1.13 1.13
LQ Ori 1.51 1.57
Par 1842 1.14 1.14
V1399 Ori 1.51 1.53
V1229 Ori 1.24 1.27
V348 Ori 1.15 1.14
5.3.1 Confidence Maps
Lastly, Figures 5-4 and 5-5 for MT Ori show a selection of the confidence maps that
we computed as described in Sec. 4.4.1. The red, green, and blue lines represent the
1-, 2o-, and 3- levels, respectively. Figures 5-4b, 5-4c, and 5-5a indicate a lower limit
on Nh around 0.13 x 1022 cm- 2 at the 30 level. Fig. 5-5a shows a positive correlation
between Nh and 0 abundance.
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Figure 5-3: Best fit for MT Ori with elemental abundances fixed at the values in
Table 5.3. Cash = 1.13.
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Chapter 6
Discussion and Conclusion
Our results differ noticeably from those by COUP. First, we needed three temperature
components instead of two to fit the spectra adequately. Our third temperature
component did not merely refine the COUP models. From Table 3.2, COUP found a
mean of Ti = 8.18 MK and T 2 = 18.5 MK for the six stars. On the other hand, we
found Ti ~ 10-15 MK and T2 ~ 35-50 MK, with T 3 being anywhere from roughly 2
MK to 10 MK. Second, our plasma model fits and confidence maps indicated lower
values of Nh, that is, a lower photoelectric absorption along the line of sight as
expected [13i].
The COUP study chose a semi-automated approach to deal with spectral analysis
for 1616 sources. Due to the high number of sources, the COUP consortium aimed for
acceptable spectral fits rather than the best spectral fits. They used one-temperature
or two-temperature optically thin thermal plasma models described by the Mewe-
Kaastra-Leidahl (MEKAL) plasma emission code, assuming elemental abundances at
0.3 times solar abundances. With this fitting method, they emphasized that they
often did not obtain reliably determined spectral parameters [5].
In contrast, our study focused specifically on only six stars, allowing us to use a
more refined strategy. Consequently, our analysis likely yielded the more accurate
results.
In summary, we studied high-resolution X-ray spectra taken by the Chandra X-
Ray Observatory of six low-mass pre-main sequence stars in the Orion Nebula Cluster.
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Work remains to compare our plasma models to those of similar young stellar objects.
Our results can provide insights into the physical properties and processes that cause
certain stars to exhibit high temperatures in X-rays. This may lead to a better
understanding of stellar structure and evolution in young stars. In detail, we conclude
the following:
" The X-ray spectra of PMS-stars in the Orion Trapezium require plasma models
with at least three temperatures.
" All spectra require very low column densities, significantly lower than measured
towards the central 0 star 01 Ori C.
* All spectra can then be well fit using a commmon abundance distribution with
respect to 0, Ne, Mg, Si, S, Ar, and Fe.
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